ABSTRACT The occurrence of wooden breast (WB) and white striping (WS) of broiler breast myopathies may be associated with least-cost feed formulations and the inclusion of greater amounts of synthetic amino acids. Two experiments were conducted to evaluate the effects of supplemental glutamine (Gln-/+, 0 and 1%) and arginine (Arg-/+, 0 and 0.25%) in a 2 × 2 factorial arrangement. Experiment 1 consisted of 8 replicates using 32 pens and focused on live performance to 44 d of age, carcass yield, and meat quality evaluations at 45 d of age. Live performance parameters including feed intake, BW gain, mortality, and feed conversion were evaluated. Post-harvest carcass yield, breast muscle quality (including WB and WS), proximate analysis, and mineral analysis of breast muscle and tibia bone were also evaluated. Experiment 2 comprised 4 replicates using 8 pens with weekly measurements of blood physiology and muscle myopathy development from 21 to 45 d of age. Broilers fed supplemental Gln and Arg (Gln+/Arg+) produced broilers with greater BW and improved FCR. The WB and WS severity increased with Gln+ diets, while only WB increased using Arg+ diets. Weekly observations revealed the greatest increase in WB myopathies occurred between 28 to 35 d, while WS significantly increased one week later (35 to 42 d). When comparing broilers of similar BW at 45 d, Gln+ diets resulted in greater WS scores and percentage breast muscle fat. Further analysis of WB and WS scores (independent of treatment affect) revealed that increased myopathy scores were associated with increased blood CO 2 , H 2 CO 3 , and reduced O 2 with increased meat pH, moisture content, and Ca concentration. These results indicated that increased muscle Ca is associated with increased WB, while increased dietary glutamine and lack of oxygen may have resulted in a reverse flux of the citric acid cycle and reduced electron transport chain activity resulting in increased WS.
INTRODUCTION
Genetic selection of broiler strains has resulted in significant improvements in growth rate and live performance (Lorenzi et al., 2014; Petracci et al., 2015; Trocino et al., 2015) , but modern fast-growing strains have also presented an increase in skeletal muscle abnormalities and metabolic disorders, such as white striping (WS) and wooden breast (WB) muscle myopathies, as well as enteric disease (Havenstein et al., 2003) . The WS myopathy is a myopathic Pectoralis major muscle condition characterized by degeneration, necrosis, and atrophy of individual muscle fibrils in both broiler and turkey species. It has been documented to occur in approximately 12% of commercial broiler flocks (Petracci et al., 2013) . The WB myopathy is characterized by palpably firm and tough postmortem meat localized in the central, thickest portion of the breast muscle (Sihvo C et al., 2014) . The WB myopathy has been reported in many countries, including the US, Finland, Italy, and Brazil with an occurrence rate of up to 50% within a flock (Owens, 2014) .
The cause of WS and WB in broilers has yet to be elucidated. However, we have observed that high corn prices and other influential ingredient factors have led to least-cost feed formulations, which has resulted in greater amounts of synthetic amino acids. This has resulted in marginal dietary levels of glutamine and other conditionally essential amino acids such as arginine.
Glutamine is the most abundant intracellular free α-amino acid found in skeletal muscle (Boelens et al., 2001; Gore and Wolfe, 2002) . However, this abundance can easily be diminished during catabolic states (Jepson et al., 1988; O'Leary et al., 2001) . Metabolic importance of intracellular glutamine in broiler chickens includes regulatory roles in humoral immunity (Sakamoto et al., 2006; Bartell and Batal, 2007) and muscle protein synthesis (MacLennan et al., 1987; Watford and Wu, 2005) . Higher intracellular glutamine content may be related to enhanced humoral immunity and increased protein synthesis and decreased proteolysis in muscle 1517 (Watford and Wu, 2005) . Nutritional manipulation to increase intracellular glutamine content in most species is not feasible because of glutamine's extensive use as a main energy source in gut tissues (Wu et al., 1991) . However, in contrast to other species, the gut tissue of poultry cannot efficiently metabolize glutamine due to a deficiency in pyrroline-5-carboxylate synthase (Wu et al., 1995) . This allows unmetabolized glutamine to be directly transported to skeletal muscle where it can be utilized for protein accretion.
Supplemental arginine has also been observed to improve growth performance in broilers when fed up to 1.5% of the diet (D'Amato and Humphrey, 2010) . The benefits of arginine may be attributed to the upregulation of the rapamycin ("mTOR") signaling pathway which stimulates protein synthesis in chicken epithelial cells (Yuan et al., 2015) and improves humoral and cellmediated immune response (Abdukalykova and RuizFeria, 2006) . Lastly, arginine serves as the precursor for nitric oxide, which is a known vasodilator and reducer of hypertension (Vallance et al., 1989; Wideman et al., 1995) .
The objective of this project was to evaluate the effect of added dietary glutamine (Gln) and/or arginine (Arg) on live performance, carcass yield, quality, and breast muscle myopathy development. Experiment 1 was designed to collect weekly performance and growth data, final carcass quality and yield characteristics, and proximate and mineral composition of the breast tissue and tibia bone. Experiment 2 was designed to collect weekly blood parameters and myopathy scores from 21 to 42 d of age to determine the onset of WB and WS and associated blood physiology of those conditions. Broiler selection for experiment 1 utilized experiment-wise BW while experiment 2 utilized treatment-wise BW in order to determine if the dependent variables are the result of treatment or simply BW effect.
MATERIALS AND METHODS

Facilities and Rearing
Both experiments were conducted concurrently at the North Carolina State University Chicken Education Unit between the months of March and April 2016. All procedures used in this study were reviewed and approved by the Institutional Animal Care and Use Committee at North Carolina State University. Eggs were collected from a resident 25-wk-old broiler breeder flock of known genetics and stored for no more than 7 d at 15
• C. Incubation began with an initial preheating of trayed eggs at room temperature (26.0
• C) for 12 h using portable fans for air movement. Eggs were then moved into a Jamesway Incubator (Jamesway Incubator Company, Ft. Atkinson, WI) and held through E3 at 38.0
• C dry bulb temperature and 29.4
• C wet bulb temperature. Machine dry bulb set point temperature was changed to 37.5
• C and wet bulb temperature to 28.3
• C on E4 of incubation while ventilation was gradually increased as incubation progressed. Dry bulb temperature was gradually decreased after E12 of incubation to maintain an internal egg temperature of approximately 37.8
• C. For Experiment 1, hatched chicks were sex-sorted and a total of 512 male chicks were individually neck tagged and placed into 32 pens (1.2 × 4.0 m; 4.8 m 2 ) with 16 chicks per pen (blocked by location within the house). For Experiment 2, a total of 512 male broiler chicks were placed in 16 uniform pens (1.2 × 4.0 m; 4.8 m 2 ) with 32 chicks per pen (blocked by location within the house). Each pen was supplied with 1 bell water drinker, 2 tube feeders, and bedded with fresh pine shavings (15 cm deep).
Feed Management
In both experiments, broilers were given 0.45 kg of a common pre-starter diet per broiler until 7 d. At 8 d, pens were assigned to one of 4 dietary treatments containing basal glutamine (Gln-) or added glutamine (Gln+), and basal arginine (Arg-) or added arginine (Arg+) in both a starter 2 (8 to 14 d) and grower (15 to 44 d) phase diets to create a 2 × 2 factorial design. Gln and Arg were supplemented at the expense of glycine (Gly) to maintain isonitrogenous diets. Diets were manufactured at the NC State University Feed Mill and formulated from a common basal diet, respective to phase, to insure uniform intake of dietary nutrients except those of interest (Table 1) .
EXPERIMENT 1
Live Performance and Processing
In Experiment 1, broiler BW and feed consumption (FC) were recorded at 1, 9, 16, 23, 30, 37, and 44 d of age. Weekly growth and feed intake were utilized to calculate weekly FCR and FC. Two broilers from each pen were selected (based on experiment wise mean BW) for processing at 45 d and evaluated for carcass and breast yield, quality, WB and WS scores, and cook loss, as well as mineral and proximate analysis of boneless skinless breast tissue.
Processing
At 45 d, identified broilers were collected and transported to the North Carolina State University Chicken Education Unit's broiler processing facility followed by shackling and stunning in a salt saturated saline head stun cabinet. Broilers were exsanguinated for 120 s by opening of the jugular vein and carotid artery with a single knife cut by a trained individual followed by scalding in hot water for 120 s at 60
• C. This was followed by feather picking for 30 s (Meyn Food Processing Technology B.V., Westeinde Amsterdam, The Netherlands). Head and feet were removed, vent opened (VC Poultry Vent Cutter, Jarvis Product Corp., Middleton, CT, USA), and viscera and giblets removed manually and discarded. Hot carcass weights (HCW) were collected prior to carcasses being air chilled at 3.0 • C for approximately 24 h.
Carcass parts including fat pad, wings, thighs, drums, boneless skinless breasts (Pectoralis major), tenders (Pectoralis minor), and remaining frame were separated and individually weighed. A WB and WS scoring system was developed for the Pectoralis major using a 1-to 4-point ordinal scale of measurement and performed by a trained and experienced technician blinded to treatment groups. The WB scoring system comprised a hand palpation method where a score of 1 indicated normal or no signs of WB. A score of 2 indicated some firming or hardening of the breast with over 50% of nonaffected tissue being pliable. A WB score of 3 indicated that more than 50% of the breast tissue was hard and resisted palpation but with some pliability still present. A WB of 4 indicated no presence of pliability and over 90% of the breast hard to the touch. The WS scoring system was similar with a score of 1 for normal breast tissue or no signs of striping. A WS score of 2 indicated a mild amount of visible striations, a WS score of 3 indicated a moderate amount of striping, and a WS score of 4 indicated severe striations across the ventral portion of the boneless skinless breast fillet. This WS scoring system was similar to the 0-to 3-point scale as described by Kuttappan et al. (2016) .
At 24 h postmortem, the Pectoralis major was evaluated for WS and WB as well as final meat pH using an Oakton (phmtr30) pH meter fitted with a spear probe calibrated with pH 4 and 7 buffers. Drip loss was calculated by hanging the Pectoralis major for 48 h in a 3
• C cooler and recording the final weight relative to the initial 24 h postmortem weight as described by Petracci and Baeza (2011) . Cook loss was calculated by weighing one breast lobe, cooking to 70
• C, cooling to 21
• C, and reweighing (Petracci 2011) . Proximate analysis of breast tissue and tibia bone (moisture, fat, ash) was determined in accordance to AOAC methods of analysis (AOAC 2003) . Percentage moisture was determined by cooking a 2 g sample at 102
• C to a constant weight (% moisture = ((initial wt -final wt)/initial wt) × 100). Percentage fat was determined by soaking the dried sample in 100% ether for 72 h. Samples were air-dried in a fume-hood for 4 h and then weighed to determine fat percentage ((initial wt -final wt)/initial wt × 100). This sample was then placed in a muffle furnace set to 550
• C until grey in color to determine percentage ash ((initial wt -final wt)/initial wt × 100) (Petracci et al., 2011) . A 100 to 150 g sample was dissolved with 2 mL of 30% H 2 O 2 and 4 mL of 40% HNO 3 in a 50 mL test tube for 6 to 8 h at 95
• C. Mineral content was analyzed using a Perkins Elmer 8000 individually coupled plasma optical emission spectrometer (PerkinElmer Inc., Waltham, MA).
EXPERIMENT 2
Selection and Blood Physiology
Birds in Experiment 2 were grown as in Experiment 1 with blood physiology and myopathy scores (WB and WS) obtained at 3, 4, 5, and 6 wk of age. One pen from each dietary treatment interaction was selected within the same physical block of the house each week. From these pens 12 broilers per pen were selected for blood physiology analysis based on their BW falling within 1 standard deviation of the pen mean BW. Approximately 2 mL of blood was drawn from the left brachial vein and analyzed using an i-Stat handheld blood analyzer (Abbott Point of Care Inc., Princeton, NJ) fitted with a CG8+ cartridge (Abbott Point of Care Inc., Princeton, NJ), which measured packed cell volume (PCV), hemoglobin (Hgb), ionized calcium (iCa), glucose (Glu), sodium (Na), potassium (K), pH, partial pressure of carbon dioxide (pCO 2 ), bicarbonate (HCO 3 ), total carbon dioxide (TCO 2 ), base excess in the extracellular fluid (BEecf), partial pressure of oxygen (pO 2 ), and saturated oxygen (sO 2 ). A systematic approach to catching broilers, drawing of blood, analysis, and re-introduction to the pen was utilized to assure uniform collection of blood and minimize handling time. These bled broilers (n = 12) along with their pen-mates (n = 32 per pen) were processed directly after the bleeding process at 21, 28, 35, and 42 d of age. Processing was performed similar to that of Experiment 1 but with only WB and WS scores recorded.
Statistical Analysis
Dependent variables (live performance data, carcass data, blood physiology) were analyzed as a 2 × 2 factorial design with independent variables of Gln +/-and Arg +/-. Data were analyzed using the Proc GLM Procedure of SAS 2003 (Version 9.4, SAS Institute Cary, NC). Live performance data were analyzed using pen as the investigational unit, while individual broilers were considered an investigational unit for blood gas and carcass characteristics. Means were separated with Tukey's adjustment for multiple comparisons test (P ≤ 0.05). Further analysis of data was performed using WS and WB scores as independent variables (regardless of treatment group) with similar dependent variables as above and the GLM procedure of SAS (2009; Version 9.4, SAS Institute Cary, NC). Statements of statistical significance were based upon P ≤ 0.05 or highly significant at P ≤ 0.01 while trends were noted at P ≤ 0.10.
RESULTS
Experiment 1
Live performance. The effects of dietary Gln and Arg supplementation on broiler BW, FC, and FCR for Experiment 1 are shown in Tables 2, 3 , and 4. The Gln+ and Arg+ diets resulted in greater BW (P < 0.01) and improved FCR (P < 0.05) from 24 d through 44 d. FC of control diets (Gln-Arg-) was reduced by more than 10% (P < 0.01) between 17 and 23 d, 9% (P < 0.01) from 31 to 17 d, and 6% (P < 0.01) from 38 to 44 d when compared to diets supplemented with either Gln+, Arg+, or both.
Processing. The effects of Gln and Arg on carcass yield and quality in Experiment 1 are shown in Table 5 . Broilers selected for processing at 45 d had similar BW, within 16 g (as designed). There were no significant differences among treatment groups for carcass weight, dressing percentage, or 24 h carcass drip loss. Nor were significant interactions observed between dietary Gln+ and Arg+ (data not shown). Dietary Arg+ resulted in reduced absolute breast weight (P < 0.05) and a reduced percentage of breast muscle yield (P < 0.05), when compared to Arg-diets. Mean WB scores were similar among all treatment groups. However, broilers fed Gln+ diets displayed greater WS myopathy scores when compared to control diets (P < 0.01).
Proximate and Mineral Analysis. The effects of Gln and Arg on proximate (moisture, fat, ash) and mineral (Ca, K, P) analysis of broiler breast muscle in Experiment 1 are shown in Table 6 . Broilers fed supplemental Gln+ or Arg+ resulted in a 29% increase in percentage breast muscle fat (P < 0.05) when compared to control diets. There was a significant increase observed in tibia bone K and P analysis (P<0.05) among the dietary Gln+ treatments, while calcium trended upward (P = 0.07) (data not shown).
The results of 24 h postmortem pH, proximate, and mineral analysis in relationship to WB and WS scores are shown in Table 7 . Muscle pH (24 h postmortem), percentage moisture, and concentration of calcium significantly increased with respect to WB scores 1, 2, 3, and 4 (P < 0.01). A similar increase was recognized as WS scores increased in respect to 24 h postmortem muscle pH (P < 0.01). Furthermore, a numerical increase was observed in fat content and calcium concentrations respective to increased WS score from 1, 2, 3, and 4. a,b Means within a column lacking a common superscript differ significantly (P < 0.05).
A-C Means within a column lacking a common superscript differ significantly (P < 0.01). 1 FCR = (weekly body weight gain ÷ weekly feed consumption). 2 (Gln -) basal; (Gln +) added 1.0% glutamine. 3 (Arg -) basal; (Arg +) added 0.25% arginine. 4 SEM = Standard error of mean for n = 16 pens. 5 SEM = Standard error of mean for n = 8 pens. 7 WB = wooden breast (1 = none, 2 = mild, 3 = moderate, 4 = severe). 8 WS = white Striping (1 = none, 2 = mild, 3 = moderate, 4 = severe). 9 SEM = Standard error of mean for n = 16 samples.
Experiment 2 are also shown in Table 8 . Broilers fed Gln+ diets exhibited increased PCV (P < 0.01), partial pressure of CO 2 (P < 0.01), and a reduction in partial pressure of O 2 (P < 0.05), and O 2 saturation (P < 0.01). Broilers fed Arg+ diets exhibited increased blood glucose (P < 0.01), ionized Ca (P < 0.05), partial pressure of CO 2 (P < 0.01), total CO 2 (P < 0.01), HCO 3 (P < 0.01), base excess in the extracellular fluid (P < 0.01), and a reduction in partial pressure of O 2 (P < 0.01), and O 2 saturation (P < 0.01).
Similar results with respect to blood physiology were observed at 42 d (Table 10) . Broilers fed Gln+ diets exhibited blood with increased PCV (P < 0.01), total CO 2 (P < 0.05), and HCO 3 (P < 0.05), and a reduction in partial pressure of O 2 (P < 0.01), and O 2 saturation (P < 0.01). Broilers fed Arg+ diets exhibited increased PCV (P < 0.05) partial pressure of CO 2 (P < 0.05), total CO 2 (P < 0.01), HCO 3 (P < 0.01), and a reduction in partial pressure of O 2 (P < 0.05), and O 2 saturation (P < 0.01). Table 6 . Effect of dietary glutamine (Gln) and arginine (Arg) on moisture, fat, ash, calcium (Ca), potassium (K) and phosphorus (P) content of breast tissue from broilers of similar body weight (BW) at 45 d of age 1 in Experiment 1. a-c Means within a row lacking a common superscript differ significantly (P < 0.05). A-C Means within a row lacking a common superscript differ significantly (P < 0.01). 1 Means for Proximate analysis of 24 hour postmortem breast tissue calculated using n = 64 individual samples, means for mineral analysis calculated using 40 individual samples at 45 d.
2 WB = wooden breast score (1 = none, 2 = mild, 3 = moderate, 4 = severe). 3 SEM = Harmonic standard error of mean for n shown. 4 WS = white striping score (1 = none, 2 = mild, 3 = moderate, 4 = severe). 5 SEM = Harmonic standard error of mean for n shown.
The results of 35 d blood physiology in relationship to WB and WS (regardless of dietary treatment) are presented in Table 9 . As BW increased both WB and WS severity increased (P < 0.01). Birds with a WB score of 2 had in significantly reduced partial pressure of blood O 2 (P < 0.01) and increased total CO 2 (P < 0.05), HCO 3 (P < 0.05), and BEecf (P < 0.05) when compared to those with WB scores of 1. While WB scores of 2, 3, and 4 exhibited reduced partial pressures of O 2 when compared to scores of 1 (P < 0.01). Total CO 2 and BEecf increased as WB scores increased (P < 0.05). There were no significant blood physiology differences exhibited between WS scores (1 to 4) at 35 d.
The results of 42 d blood physiology in relationship to WB and WS (regardless of dietary treatment) are presented in Table 11 . As BW increased, WB scores increased (P < 0.01) with a similar increasing trend in WS scores (P < 0.10). As WB severity increased from 1 to 4, there was an obvious trend similar to the significant results at 35 d, which included reduced blood saturated O 2 (P < 0.09) and partial pressure of O 2 (P = 0.16), and increased PCV (P < 0.10), partial pressure of CO 2 (P = 0.17), total O 2 (P < 0.10), and Table 8 . Effect of dietary glutamine (Gln) and dietary arginine (Arg) on broiler body weight (BW), wooden breast muscle score (WB), blood pH, sodium (Na), potassium (K), packed cell volume (PCV), glucose (Glu), ionized calcium (iCa), saturated oxygen ( S O 2 ), partial pressure of oxygen ( P O 2 ), partial pressure of carbon dioxide ( P CO 2 ), total carbon dioxide ( T CO 2 ), bicarbonate (HCO 3 ), base excess in the extra cellular fluid (BEecf) at 35 d of age in Experiment 2. Means within a column lacking a common superscript differ significantly (P < 0.05). A,B Means within a column lacking a common superscript differ significantly (P < 0.01). 1 (Gln -) basal; (Gln+) added 1.0% glutamine. 2 (Arg -) basal; (Arg +) added 0.25% arginine. 3 SEM = Standard error of mean for n = 24 broilers per treatment. 4 SEM = Standard error of mean for n = 12 broilers per treatment. Table 9 . Blood pH, sodium (Na), potassium (K), packed cell volume (PCV), glucose (Glu), ionized calcium (iCa), saturated oxygen ( S O 2 ), partial pressure of oxygen ( P O 2 ), partial pressure of carbon dioxide ( P CO 2 ), total carbon dioxide ( T CO 2 ), bicarbonate (HCO 3 ), base excess in the extra cellular fluid (BEecf) in relationship to Wooden Breast (WB) and White Striping (WS) scores of at 35 d of age in Experiment 2. Means within a row lacking a common superscript differ significantly (P < 0.05). A-C Means within a row lacking a common superscript differ significantly (P < 0.01). 1 WB = wooden breast score (1 = none, 2 = mild, 3 = moderate, 4 = severe). 2 SEM = Harmonic standard error of mean for n shown. 3 WS = white striping score (1 = none, 2 = mild, 3 = moderate, 4 = severe). 4 SEM = Harmonic standard error of mean for n shown.
HCO 3 (P < 0.10). Moreover, as WS severity increased from 1 to 4, there was a significant increase in total CO 2 (P < 0.05), HCO 3 (P < 0.05), and PCV (P < 0.01), while a reduction in blood saturated O 2 (P < 0.05) and partial pressure of O 2 (P < 0.10) were also observed.
DISCUSSION
The results of Experiment 1 were consistent with other findings that supplemental Gln and Arg increased BW and improved FCR (Wideman et al., 1995) . This study indicated that inclusion of these amino acids did not reduce WB or WS scores. Rather, Gln+ diets may have contributed to the development of the WS condition in these experiments. Blood physiology of Experiment 2 indicated that an increase in WB severity was associated with an increase in blood CO 2 , HCO 3 , BEecf, and PCV, and a reduced blood O 2 . Experiment 2 also indicated that Gln+ and/or Arg+ may have increased both WB and WS scores. Table 10 . Effect of dietary glutamine (Gln) and dietary arginine (Arg) on broiler body weight (BW), wooden breast muscle score (WB), blood pH, sodium (Na), potassium (K), packed cell volume (PCV), glucose (Glu), ionized calcium (iCa), saturated oxygen ( S O 2 ), partial pressure of oxygen ( P O 2 ), partial pressure of carbon dioxide ( P CO 2 ), total carbon dioxide ( T CO 2 ), bicarbonate (HCO 3 Means within a row lacking a common superscript differ significantly (P < 0.05). A-C Means within a row lacking a common superscript differ significantly (P < 0.01). 1 WB = wooden breast score (1 = none, 2 = mild, 3 = moderate, 4 = severe). 2 SEM = Harmonic standard error of mean for n shown. 3 WS = white striping score (1 = none, 2 = mild, 3 = moderate, 4 = severe). 4 SEM = Harmonic standard error of mean for n shown.
However, the resultant increased WB from these amino acids was most likely due to significantly greater BW, which is a consequence of protein accretion resulting in a greater resting metabolic rate and byproducts of metabolism. The change in WB and WS scores over time demonstrated the greatest increase in WB severity (0.70, P < 0.01) occurred between 28 and 35 d, while that of WS severity (0.54, P < 0.01) occurred between 35 and 42 d.
The effects of both Gln+ and Arg+ at similar BW in Experiment 1 indicated that neither amino acid contributed to the WB myopathy directly. However, Gln+ diets were associated with an increased WS score even when compared in broilers of similar BW. This could be attributed to the use of Gln as a glucogenic amino acid. In a physiological state of high metabolism, as was the case in fast-growing high-yield broilers, there would be a greater demand for ATP (Goldspink et al., 1970; Goldspink, 1996) . The typical cell signaling pathway would result in increased glycolysis, as well as activity in the citric acid cycle leading eventually to the electron transport chain (ETC) that requires O 2 (Brostrom et al., 1971) . The latter two cycles are necessary to eliminate the byproducts of glycolysis (e.g., pyruvate). However, in a state of limited O 2 , as was recognized in Experiment 2 (Tables 8-11 ), the ability for these byproducts of Gln (alpha ketogluterate) to be reduced in the TCA cycle may be limited (Nelson and Cox, 2008; Bender and Mayes, 2015) . It has been determined that in a state of hypoxia or through defective mitochondria, Gln will be increasingly utilized, through the enzyme isocitrate dehydrogenase, to form fatty acids (Fan et al., 2013; Brose et al., 2014) . With increased substrate unable to enter the ETC, the resultant pathway eventually leads to fatty acid and phospholipid accumulation, which would explain the increased breast fat percentage and increased WS scores observed in this experiment. Furthermore, the location of WS myopathy has been documented to occur in the ventral portion of the Pectoralis major (Kuttappan et al., 2013) . This portion contains reduced concentrations of type 2b slow-twitch muscle fibers, which lack mitochondria and myoglobin compared to deeper portions of the muscle that contain greater concentrations of type 2a intermediate twitch fibers and greater concentrations of mitochondria and myoglobin (Rosser and George 1985) . This increase in type 2b muscle fibers would be accompanied by a lower concentration of mitochondria and the oxygen storing sarcoplasmic proteins known as myoglobin (Rosser and George 1985) .
Although the treatment effect of Arg in Experiment 1 did not contribute to an increase in WS score (Table 5) , there was a significant increase (over 25%) in breast muscle fat (Table 6 ). This may be caused by a greater uniformity of fat distribution within the whole breast tissue, opposed to an accumulation on the ventral portion. Regardless, this observation should be investigated in further research. Furthermore, the results of decreased breast muscle mass in larger broilers can be explained by the antagonism of arginine and lysine. A greater amount of arginine has been shown to decrease lysine digestion through competitive receptor proteins (Brake et al., 1998) .
When examining the mineral and proximate analysis results of WB and WS, regardless of treatment, there was a notable increase of muscle moisture and calcium (Table 11 ). An increase in moisture can be associated with a voltage gradient disruption, which can also explain the increase in calcium within the tissue. As cell voltage gradient becomes disrupted, ion channels will leak and a buildup of intracellular Ca will cause muscle contraction (Fenn, 1938; Sejersted and Sjøgaard, 2000) . This buildup of Ca will also result in cell swelling as water enters the cell wall through osmosis as well as increased glycolysis and TCA cycle activity (Fenn, 1938; Brostrom et al., 1971) . Moreover, the cell will require abundant amounts of ATP to resolve the calcium mediated cellular contractions, which will also lead to more glycolysis and lactic acid buildup (Brostrom et al., 1971) .
Examining the blood physiology relative to WB scores also reveals a significant increase in CO 2 and a decrease in O 2 as WB scores increased. Again, this association with an increase in metabolic activity to sustain the ATP demands necessary for the resolution of muscle contraction. However, the lack of O 2 , as mentioned previously, will result in a decrease in the ETC and contribute to a deficiency in ATP. When Arg+ was given, there was an increase in saturated and partial pressure O 2 . This may be due to the fact that Arg can saturate endothelial nitric oxide synthase (Alvares et al., 2012) resulting in a greater nitric oxide (NO) concentration. As the concentration of NO increases, it binds to hemoglobin, which consequently results in reduced saturated O 2 and partial pressure of O 2 (Anggard, 1994) .
The results of these experiments indicated that supplemental dietary Gln (1.0%) and Arg (0.25%) contributed considerable advantages to BW and FCR in the modern fast growing broiler. However, Gln may contribute to the WS condition by increasing the formation of fatty acids and thus the associated striping condition. Analysis of the WB and WS conditions indicated a considerable amount of calcium accumulation in the tissues of both WS and WB myopathies, which would cause an increase in muscle contraction. This contracted state would require a greater amount of ATP for resolution. Moreover, there was no indication that this intramuscular calcium concentration came at the expense of blood or bone calcium, as those data were not impacted. Further analysis of the blood physiology indicated an increased CO 2 and decreased O 2 concentration that will lead to a state of hypoxia, which will contribute to the formation of fatty acids from Gln catabolism.
